The organization of the Azotobacter vinelandii genome was first investigated in H. L. Sadoff's laboratory (51) . These classical studies can be summarized as follows. (i) Combined data from thermal denaturation and DNA renaturation kinetics experiments indicated that the A. vinelandii genome was made of unique sequences. (ii) Both the sedimentation rates and the Ct112 values were similar for A. vinelandii and Escherichia coli chromosomal DNAs, indicating that these chromosomes have similar sizes. (iii) A. vinelandii cells harvested during mid-exponential growth contained at least 40 times more DNA than E. coli cells. The overall conclusion from these data was that A. vinelandii must contain at least 40 chromosomes per cell (51) . A decade later, the idea that A. vinelandii is a highly polyploid bacterium received further support from the studies of Nagpal et al. (39) . Using a quantitative hybridization procedure, those authors measured the copy number of leu and nif genes in stationary-phase cultures of A. vinelandii and found an approximate copy number of 80 copies per cell. Similar copy numbers were obtained when a plasmid P-lactamase gene was integrated into the chromosome (39) .
The polyploidy ofA. vinelandii seemed to explain a classical problem of Azotobacter genetics, namely, the difficulty in isolating certain types of auxotrophs (reviewed in reference 22) . However, the development of A. vinelandii genetics and the introduction of transposon technology provided several lines of evidence against polyploidy (discussed in references 6, 8, and 32) . This controversy prompted the design of experiments specifically devised to measure gene dosage, which seemed to indicate that A. vinelandii is not a polyploid bacterium (32) . The main arguments against polyploidy were as t Present address: Eccles Institute of Human Genetics, University of Utah, Salt Lake City, UT 84112. follows. (i) Heterozygotic transformants and transconjugants ofA. vinelandii were unstable even in the absence of selection.
(ii) Reversion of transposon-induced mutations was usually associated with loss of the transposable element. (iii) Chromosomal lac fusions constructed by double crossover with a linearized plasmid showed a segregation pattern consistent with the inheritance of one or several chromosomes per daughter cell. (iv) Recessive mutations induced by N-methyl-N'-nitro-N-nitrosoguanidine or introduced by genetic transfer were expressed after a small number of generations of outgrowth. Altogether, these experiments indicated that the behavior of A. vinelandii in many genetic experiments was not significantly different from that of haploid bacteria like E. coli or Salmonella typhimurium (32) . This paper may bring the controversy to a reasonable end, since it reconciles the biochemical data that support the polyploidy of A. vinelandii with the genetic studies that argue against the existence of a highly polyploid genome substantial component of the propidium iodide-stained material under these conditions (data not shown). After RNase A treatment, samples of 104 cells were examined with the flow cytometer. Growth of A. vinelandii in BSNB resulted in low frequencies of two-cell aggregates (2 to 3%) and larger aggregates (<1%); thus, the vast majority of the A. vinelandii cells examined with the flow cytometer can be expected to be single cells. Because of their large size (2 ,um or more in diameter), A. vinelandii cells are especially suitable to be examined with the flow cytometer; for this reason, their FACscan histograms are sharper than those of enteric bacteria (see Fig. 4 and 5) . The histograms obtained for cultures at different stages of growth in rich medium (LB for S. typhimurium and BSNB for A. vinelandii) are presented in Fig. 4 ; growth was monitored by both optical density and viable counts. The results can be summarized as follows.
(i) At the beginning of the exponential stage, A. vinelandii and S. typhimurium contained similar amounts of propidium iodide-stained material (DNA) per cell. Since the size of the A. vinelandii chromosome is similar to that of enteric bacteria, it seems reasonable to conclude that A. vinelandii cells were not polyploid during this period.
(ii) As the cultures grew, an increase in DNA content per cell was observed in A. vinelandii but not in S. typhimurium. Late-exponential-phase cultures of A. vinelandii contained about 10 times more DNA than early-exponential-phase cultures (and than S. typhimunum cultures at the same stage of growth). Stationary-phase cultures of A. vinelandii contained -50 times more DNA than early-exponential-phase cultures. Since the ploidy level of enteric bacteria is well known (9, 14, 25, 63) cells (in either late logarithmic or stationary phase) were diluted into fresh medium. Thus, at the beginning of every growth cycle, A. vinelandii polyploid cells seem to reverse the asynchrony between DNA replication and cell division (or may even divide without initiating new rounds of DNA replication).
Effect of rifampin on the DNA content per cell. Addition of rifampin to A. vinelandii cultures caused a sudden cessation of growth, as observed by both spectrophotometric monitoring of optical density and plate counts of CFU (data not shown). These observations are consistent with the well-known inhibition of bacterial transcription by binding of rifamycins to RNA polymerase (61) . The effect of rifampin on the replication of the E. coli chromosome is also well known: addition of rifampin inhibits the initiation of chromosome replication but permits the completion of ongoing replication rounds (24, 57) . Our rationale for investigating the effects of rifampin on the ploidy level ofA. vinelandii was that if ploidy increase is caused by the initiation of more than one replication round per cell cycle, rifampin should increase the ploidy level ofA. vinelandii when added to growing cultures. This observation was fully confirmed (Fig. 4C2 ).
As expected, rifampin did not increase the ploidy of nondividing cultures (late-stationary-phase cells) (Fig. 4C3) . A side observation was that if added before a critical time, rifampin could prevent the formation of low-ploidy cells (putative cyst precursors) in old stationary-phase cultures (Fig. 4C4) . Although this phenomenon was not studied in depth and is cited only as a preliminary observation, the inhibition of cyst formation by rifampin seems logical because cyst differentiation can be expected to require transcription.
Evolution of DNA content per cell in minimal medium. Estimations of DNA content per cell, analogous to those described above, were carried out with minimal media (nitrogen-free Burk medium for A. vinelandii and E medium for E. coli and S. typhimurium). The doubling time of A. vinelandii UW in BSNB is about half of that seen in nitrogen-free Burk medium (data not shown). The main conclusion from these experiments, summarized in Fig. 5 , was that E. coli, S. typhimurium, and A. vinelandii contained similar amounts of propidium iodide-stained material throughout the growth cycle. Slight differences (like those shown in Fig. 5) (Fig. 4) . Thus, the chromosome numbers suggested forA. vinelandii (-4 for early-exponentialphase cells, -40 for late-exponential-phase cells, >100 for stationary-phase cells, and -4 for cysts) should be regarded as approximate. Given the large space needed to accommodate >100 chromosomes, it is not surprising that large pleomorphic cells (up to 8 ,um in diameter) are formed whenA. vinelandii is grown in rich media (44) .
The rapid formation of two discrete, nonoverlapping cell populations in old stationary-phase cultures suggests that the rise of low-ploidy cells results from a "decision" taken by single cells, rather from a gradual evolution of polyploid cells towards low ploidy. Whether the low-ploidy cells formed might correspond to the "germinal" filterable cells described by Gonzailez L6pez and Vela (10) can be a matter of speculation. Other possibilities (e.g., biased segregation or massive DNA turnover) can be also considered.
Although the spectacular changes of ploidy observed during the A. vinelandii growth cycle have no precedents in the bacterial world (9, 23) , the accumulation of chromosomes inA. vinelandii can be tentatively explained by analogies with the enterobacterial cell cycle. E. coli and S. typhimurium growing at rapid rates contain several (ca. four) chromosomes per cell (9, 14, 25, 55) ; however, when the culture enters the stationary stage and the growth rate declines, the ploidy decreases to one or two chromosomes per cell (14, 40, 55) . The higher ploidy of enterobacterial cultures growing at rapid rates is caused by the initiation of more than one round of chromosome replication per cell cycle (9, 14) . Initiation of chromosome replication is known to be inhibited by rifampin (24) ; this antibiotic inhibits RNA polymerase and thus also blocks cell division (57, 61) . When rifampin was added to exponential-phase cultures ofA. vinelandii, a rapid increase in DNA content was observed; actually, the DNA content of exponential-phase cells treated with rifampin resembled that of late-exponential-or stationary-phase cells (Fig. 4) . By analogy with the enterobacterial cell cycle, this increase can be attributed to the completion of ongoing replication rounds, thereby indicating that A. vinelandii cells initiate multiple rounds of chromosome replication per cell cycle. The existence of a more severe asynchrony between replication and cell division provides a simple model to explain whyA. vinelandii becomes more polyploid than enteric bacteria during rapid growth. The biological significance of these ploidy changes is unknown; they may merely reflect an irrelevant phenomenon that occurs only in laboratory conditions. This view is supported by the finding that growth in minimal medium does not result in the appearance of highly polyploid cells. It may be interesting to recall that the general design of A. vinelandii metabolism is different from that of enteric bacteria. For instance, A. vinelandii does not transport many nutrients (e.g., certain amino acids) into the cell; others may be imported but later degraded (22, 48) . Moreover, A. vinelandii cells grown in soil dialysates show a morphology different from that seen in standard laboratory media (64) . Growth in rich medium can thus be viewed as an unnatural situation for A. vinelandii; under these conditions, it is not surprising that the mechanisms that regulate the initiation of chromosome replication can be seriously perturbed. However, the existence of other bacterial species harboring polyploid genomes (47, 49) leaves open the possibility that bacterial polyploidy plays a physiological role in nature.
For practical purposes, the data presented in this paper throw light on the controversy about the ploidy degree of A. vinelandii, since they reconcile the biochemical quantitations of DNA content per cell (39, 51) with the genetic data which argue against polyploidy (6, 8, 32) . A. vinelandii is polyploid in full-grown batch cultures but can behave as a haploid bacterium in genetic experiments because the start of every growth cycle involves a drastic reduction of chromosome number. Such a reduction permits fast segregation of heterozygotes and expression of recessive alleles, two phenomena which had been presented as strong arguments against polyploidy (32) .
